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EHGFI-ALTITUDE I?LIGHT COOLING HWESTIGATION OF A RADIAL AIR-COOLED ENGINE
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SUMMARY

An investigation OJ the cooling of an 18-cylinder, ihuz”n-row,
radial, air-cooled engine in a h.igh-performs nce pursuit airplane
has been conducted for variable engine and $ight condition~ at
a[tit ude~ ranging from 5000 to 35,000 feet in order to provide
a k-is for predicting high-altitude cooling performance jrom
sea-lewl or loudfihufe experimental results.

The engine cooling data obtained were analyzed by the uwal
A’A.GL4.cooling-correlation meihud wherein cylinder-head and
cylinder-barrel temperatures are related to the pertinent engine
and cooling-air vart”able~. A theoretical analysis was made of
the e~ect on engine cooling of the change of density oj the cooling
air across the engine (the compre.ssibi[ity effect), which becomes
of increasing importance as alti-tude is increased. (700d agree-
ment was obtained between the results of the theoretical analysis
and the experimental data. ~be use of the Coding-ah E&

density in the ~VACA cooling-correlation equation was found
to be a sufficiently accurate approtimafion of the compressibility
e~wt to gire satisfactory correla~ion of the cooling data ocer the
aii!itude range i.ncestigated. A .sea-lerel or low-d dude cwre-
iation based on entrance density was also jound to gire fairly
accurate cooling predictions up to an altitude of 20,000 feet.

INTRODUCTION

A method was developed at the X.ACA La@ey Iahora-
tary (reference 1] for reIating the cylinder-w-aII temperatures
of an air-cooled engine with operating condition, cooling-air
temperature, and cooling-air w-eight flow. Because pressure
drop is a more easdy measurable quantity than w-eight fiow
and because the product of cooling-air entrance density
(taken relative to standard sea-Ievel air density) and pressure
drop u,nAp is a function of the weight flow, this product was
substituted for weight. flow in the correlation method. This
substitution, which was made on the basis of incompressible-
flow considerations, has pro-red satisfactory for the correla-
tion of sea-~evel and Iow--altitude cooling data, as is evident
from the resuIts of numerous engine-cooIirtg investigations
(for example, references 2 and 3). For application to high-
altitude flight, however, where the change of density of the
cooling-air across the engine (compressibility effects ) becomes
significant, the weight flow and GenAp are not uniquely re-
Iated and consequently the substitution is imralidated.
Errors are therefore introduced in the prediction of high-
altitude cooling from sea-level or low--altitude experimental
resdts when the. substitution is made.

Some theoretical and experimental investigations of the
cooling problems at altitude ha~e already been conducted.
Reference 4 presents a theoretical study of the compressi-
bility effect in relation to aircraft. heat-exchanger operation
and provides charts -whereby, in a series of successive ap-
proximations, the compressible pressure drop corresponding
to a given cooling-air w-eight flow, drag coefficient, and den-
sity change can be determined. ~ somewhat sindar theo-
retica.I analysis of the compressibility effect in reIa tion to
engine coohng is gi-ren in reference 5, ~hich provides charts
for determining accurately compressible-fIow cooling-air
pressure drop. In addition, reference 5 indicates that the
compressibility effect. can be accounted for, to a good degree
of accuracy, by the use of the procluct of pressure drop and
exit density. This correlation of cooling-air weight flow
with pressure drop on the basis of exit-density conditions was
e~erimentally verified by Pratt & Whitney &_rcraft. in
single-cyIinder-engine experiments over a range of simula ted
a.ltikudes from sea level to 45,000 feet. A simdar single-
cylinder investigation (reference 6] conducted and reported
concurrently with the subject experiments furiher verifies
experiment alIy and theoreticaII-y the use of exit demit y.

Ii order to obtain information on the cooI@ character-
istics of air-cooIed engines at altitude conditions and, in
particular, to check present methods of extrapoIat ing the _ ._
data obtained from sea-IeveI or low-aItitude cooling experim-
ents to high-altitucIe conditions, a flight cooLing investiga-
tion was conducted on an Itkcylinder, twin-row-, radial, air-
cooled en=tie instal~ed in a high-performance pursuit air-
pIane. The in~estigation: which was conducted during
1943-44 at the N’.%C.k Cleveland laboratory, consisted of
frights at variabIe engine and f3ight operating coriditions at
altitudes ran=tig from 5000 to 35,000 feet. The cooling ●

clata obtained were correlated by the AT.ICM method de-
-reIoped in reference 1 as modified to account for cooling-air
compressibility effects. .4 theoretical anaIysis -was also
made to check the validity of the use of cooling-air exit
density in the correlation equation for approximating the
compressibility effects.

INSTALLATION

Airplane and power pIant.—The enmtie cooling experi-
ments m-ereconducted in a pursuit airpIane on an 1%ylinder,
twin-row, radiaI, air-cooled er@ne ha-iing a volumetric dis-
placement of 2SO+Icubic inches. The compression ratio for
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the engine is 6.65, the ~parli seLting 20° B.T.C., and
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the
vtdve overlap 40”. The engine is e~uipped with a single-
stagej single-speed Mowerj which has an impeLler diameter
of 11 inches and a gear ratio of 7.6:1. A turbo supercharger
consisting of a single-stage impulse turbine wheel with a
13.2-inch pitch-line diameter directly shafted to a 15-incb-
diameter impeIler provides Lhe supercharging required for
high-altitucle operation. ArI injection-type carburetor meters
t-he fuel to the engine ab the inlett face of the engine-stage
blower. The power plant is rated as follows:

I Operating condition Horsepower Engine speed Altitude
(rpm) (ft) I

The engine power is delivered through a 2:1 reduction gear
to an electrically controllable four-blacled propeller having a
cliameter of 12 feet, 2 inches. The propeller is fitted with
shank cuffs and is not provicled with a,spinner hub.

A photograph of the airphme used in the flight investigat-
ion is presented in figure 1. A schematic diagram of the
power-plant installation showing the general arrangement of
the internal air- ducting system and the relative positions
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F]G7JREI.—Airplane used in enginewmling tl~ghtinvestigation.
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on the airplane of the engine, the cowling, thti turbosupcr-
charger, the intercooler, and the oil coolers is shown in figure
2. The engine cowling is of the NACA Lype C fitted with
eight adjustable cowling flaps extending mound the upper half
of the cowling. A small fixed air gap between tho engino
cowling and the fuselage body extends around the lower
half of the cowling to the auxiliary air-supply scoop. Tho
opening of the auxiliary air-supply scoop, which supplies air
to the carburetor, intercoolcr, oil coolers, and exhaust cooling
shrouds, is located within the engine cowling at the bottom
of the engine. The intercoo}er is mounted at the rear of @
airplane -slightly forward of the turbosuperchargm and is
providec{ with two separate cooling-air outlets and fkps, one
on each side of the fuselage. The oil coolers are mounted in
series with respect 10 the oil flow, one on each corner of the
fuselage at the rear. of the engine.

Engine cooling-air pressure measurements. —Although
the experiments included an extensive cooling-air pressure
sumey iu which a large number of pressure Lubes and loca-
tions were used, only those tube combinations specified by
recent NACA procedures as giving tbe besi indiczt.ion of the
average cooling-air pressures ahead of and behind the engine
were of interest. The tubes used for the average pressure
indication.s and their locations me shown in figure 3.

The kital pressure of the cooling air was rneaswred ahead
of the engine with open-encl tubes H1, H2, H3, and H4
located OD each front-row cylinder at the positions indictikd
in figure .3. These tubes were instaHed halfway between t_hc
fin tips and the cylinder baflle at a point about % inch bchi.ud
the tangent point of the bnffle-entranec curl. The cooling-
air staLic pressure behind the engine was measured on each
rear-row cylinder with open-end tube P3 instal}cd in tho
stagnation region behind the cylinder top baffle and tuhcs
PI and P4 instilled in the curl of the intake-side bafIle.
Care was-taken in the installation of ~hcse tubes to insure
that they received little if any velocity pressure.
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F m uRE 2.—Power-pl8nt inztallat ion in airplane.
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FLGCRE 3. —CyIimk total- and statisDressse t de Ioczu ions.

FICL-BEl.—Cyfinder thermocouple k+atiom.

The pressure tubes were Ied to motor-driven pressure-
selector valres that, in turn, were connected to AT.kC.~
rc.c.ording rrmltiplt manometers. All. pressures could be

recorded in 2 minutes.

I
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FIGCEE 5.—Details of rear-spark-plug-boss and .%.ket thermocouples.

Temperature measurements. -CyIinder-md-l temperatures
were measured with iron-constantan thermocouples located
on the heads and the barreIs of each of the IS en=gj.necylinders.
The locations and designations of these cylinder-wall thw-mo-
couples, which are indicated in figy~e ~, are:

(I) At the rear spark pIug with standard gaske:~typc
thermocouple Tlz. (See fig. 5 for sketch of gasket-type-

thermocouple details.)
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(2) ln the rear spark-plug boss with thermocouple T~S
embedded to a depth of j/8 inch. (See fig. 5 for details of
installation. )

(3) In the rear rniddIe of the head circumferential finning
with tbermocoup]e T19peened about ){Sinch into the cylinder-
wall surface.

(4) IrI the rear of the barrel t~,vo-thirds of the way up with
thermocouple Ts pcened about X6 inch into the alurninum-
barrel muff.

(5) At the rear of the cylinder base flange with thermo-
couple TIAspot-weIcled at the flange.

The free-air temperature was obtained from the tempera-
ture reaclirtg of a resistance-buIb thermometer installed
under and near the tip of the right wing. The correction for
stagnation-heating effect was determined in a sepmate flight
calibration for vcmious airspeecls.

A survey of the temperatures in the cooling-air stream
directly behind the engine was macle during most of the
ffight experiments. Eighteen iron-constantan therinocoup~es
were usecl in this surveyj two in front of each of the nine
iutake pipes zt the same radial distances as the rnidd~e of
the engine heads and barrels. The intake pipes provided
partial shielding of the fJ~ermocoupIes from the exhaust-
collector ring.

The temperature of the charge air was measured at the
carburetor top deck with four parallel-connected iron-
constan hln thermocouples.

All temperatures were recordecl by high-speed data re-
corders consisting of galvanometers, thermocouple selector
switches, ancl filrn-clrum recorclers. It was possible to
record 200 temperatures during each run in about 3 minutes.
A calibration point was obtained for each galvanometers
during each run by taking gdvanometer re%dings of a known
standard voItage; iht+ effect of changing galvanometers cali-
bration was thus eliminated. A check on the accuracy of
the temperature records was also provided cIuring each run
by recording on each galwmometer the temperature of hot
mercury contained within a thermos bottle.

Charge-air-weight-flow measurements,—The charge-air
w~ight flow was measurecl during flight by venturi meters
instaIIecl in the two parallel lines between the intercooIer and
the carburetor, as shown in figure 2, and calibrated within
the charge-air duc.ting system prior to the flight experiments.
In addition, checks were obtained from the carburetor com-
pensate.cl metering pressure as measurecl during flighL and
its relation with charge-air ffow as established in extensive
carburetor air-box experiments for the range of carburetor
pressures and temperatures. The checks obtained were
within +C3 percent; the deviations were of a random nature.

Fuel-Sow measurements,—A flow-bench calibration of
the carburetor in which the fuel flow was related to the
carburetor compensated metering pressure furnished the
most direct and simplest method of measuring fuel flow in
the flight experiments. This fuel-flow calibration was Iater
verified in the air-box experiments, which showed the rela-

tion between compensated meie.ring pressure and fuel flow
to be independent of the pressure and temperature conditions
of the charge air a.t Lhe carburetor top deck and also of the
fuel temperature, within the range encouuterecl. In addi-
tion, fuel-flow checks were obtained with both a clefiecti[~g-
vane-type ffowmeter ancl a fucI rotameter in se~eral special
flights covering the engine fuel-flow operating range. 13x-
cept for a few wideIy erratic pointsj the checks wore withiu

*.3 percent.
Other measurements. —Free-stream impact pressuro wm

measured by a shrouded total-pressure tube installed on a
streamline boom on the right wing tip. A swiveling sLalic
tube, which was calibrated in a special flight., was also crtr-
ried by the boom about 1 chord length ahead of the leading
edge of jhe. wing. Continuous records of both the impact,
and static pressures were taken during each run by NACA
pressure recorders.

A torquemeter was incorporated for measuring engine
torque. The torclue was indicated on a gage in the coelipi L
and was read by the pilot.

Engine a,nd turbine speeds were separately recorded by
revolution counters operafecl in conjunction with a chrono-
metric timer.

The engine exhtiust pressure was measured by mectns of
static wall taps located on both sicles of h exhausb coHcctor
ring upstream of the waste gate.

Continuous records were taken on NACA pressure and
controI-position recorders of manifold pressure; chrge-air
pressure at the turbosuperrharger outleL and at th~ ctir-
buretor top deck; throttle setting; mixture-control se t.Ling;
angle of attack; and engine, oil cooler, and inhxcooler flap
openings-.

PROCEDURE

The flighf. investigation was concluctecl, for the most part,
at attitudes (based on pressure) of 5000, 25,000, 30,0001 auci
35,000 f-e-e-t;a few flights were also macle at intcrmed iaf,e
ctltitudes. The three main ccmtrollab~e ~ari~bles cluring
each run at a given altitude were engine power, engine speccl,
cmd engine cooling-air pressure drop; in gencml ~durklg CA
constant~altitucIe flight one of these three variaMcs was in-
dependently variecl while the other two were maintnincd
constant.

The etigine power was controlled with the carb uret-or
throttle at constant engine speed an$, at the high altitudes,
also with the exhaust waste gate through regulation of the
turbos-uperchc+ rger speed. The mixture control was set in
the automatic-rich position and the fuel-air ratio was allowed
to vary according to the carburetor characteristics. Tho
engine speed was controlled with the propeller governor and
the cooling-air pressure. drop was controlled by means of
cowling-flap deflection and through chtinge in LIL~ airpIanc
drag chmgcteristics (and thus the airpIane velocity and
availabIe ram pressure) obtained by raising and lowering
the landing gear.
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A summary of the flight conditions is presented in table I.
During each run, in which the specifier conditiom were held
constant and the cylinder-walI ternper~tures had been stabil-
ized, a record was obtained of the cooling-air pressures and
temperatures &head of and behind the engine, the cylinder-
WWI1temperatures, and the airpkme engine operating condi-
tions.

REDUCTION OF COOIJNG DATA

Correlation equations.—The basic equation dereloped in
reference 1 for correlating the wall temperatures of air-cooled
engines with the engine operating conditions and the cooling-
air temperature and weight flow is

(1)

(AU symbols are defied in appendix A.)
It has been the practice in low-altitude cooling-correlation

work to assume that the cooling-air weight flo~v W. is a
function of the more readily measured quantity F..AP and to
make this substitution in equation (I). The assumption
that U“= is a unique function of ae.~p has, however, been
shown to be inaccurate for large altitude changes by \-arious
theoretical analyses (references 4, 5, and 6) and some
experimental data.

ln appendh B, which presents a theoretical treatment. of
the relation between coohng-air -weight flow and pressnre
drop, H’. is shown to be more correctly a function of aJa,*
in addition tOG6n~p. On the basis of the resuIts of appendix B.
equation (1) is written

(2)

where @(Cez/Ge R) denotes a function of u~=/G~n.

At low- aItitudes, the variation of r,=/G.z over the normal
engine. operating range is sufficiently small that its function
may be considered as a constant, with negligible sacritice in
accuracy. For substantially constant rJG.E, equation (2)
becomes the famiIiar correlation equation

T,– T.
T,– T. K,

w=” = (Ge.Ap) m

(Za)

;Vhen a large altitude range is considered, in which case
]arge variations in C=/G., are encountered, the variatiom of

the function @(m,=/r,.) must be included in equation (2).
In appendix B, @(G,JcJ is theoretically derived. If it is_ ___
assumed that

equation (2) reduces to

T.– T.
Tg– Th= K

U“tn

()
(a.RAp)” ~ b

The constants n, m, b, and K -wilI be evaluated from the
experimental data.

In order for exit density (as suggested in reference 5 and
as theoretically shown in reference 6) to be ~ satisfactory
basis of correlation, it is necessary that b=m in equation (3),
in which case equation (3) recluces to

Th– T.
T,– T; h“ (4)
T= (GaAp)m

The accuracy of the foregoing simplification will be empiri-
cally checked with the flight clata. Equations simiIar to
equations (1) to (4) may also be written for the engine
barrels.

Some investigators (for example, reference 7) believe that,
in order to obtain accurate correlation, the local cooling-ah
temperature in the vicinity of the spot on the cylinder walI
under investigation (at the location where Th is measured)
should be used instead of the entrance cooLing-air tempera-
ture. In appendix C, it is shown that the cooIing-correIat ion
equatio~ containing the Iocal cooLing-air temperature can
be transposed to the ecluation containing entrance cooling-
air temperature; hence either temperature can be used.
The inIet cooling-air temperature was used in the correlation.
presented herein because the acIded complication of determin-
@ the Iota] cooling-air temperature clid not appear

~arranted.
Mean effective gas temperature T~.—The mean effective

gas temperature Tg is, for a gi~en en~~e, co~idered _G_
fmction of fuel-air ratio, inlet-manifoId temperature,

exhaust pressure, ancl spark timing.
On the basis of previous correlation -work, a T,,w -value

of 1150° F for the heacls and 600° F for the barrels is chosen
for the reference conditions of F/A= 0.0S, T~=80” l?, and
p.= 30 inches of mercury absolute, and for the normal spark
setting.
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The variation of T,,go with fueI-airratiofor the sea-level
exhaust-pressure condition (approximately 30 in. Hg abs-o-
lute) is taken as that determined in previous cooling experi-
ments on an R–2800–21 sirigIe-cyIinder engine (ref ererice 8).
‘I’his Y’,,gOvariation, which was also found to check well with
Lhe results obtained on other types and models of air-cooled
engine, is pIotted for the heads and barrels in figure 6. The
variation of T~,Mwith exhaust pressure for the range covered

fuel- uiP rof~o, ~

fiGr?RE G.–Variation of mean effective gas temperature corrected to dry inlet-mznifold
temperature at M“ F. with fuel-air ratio and exhaust pressure.

in the present investigation is includecl in figure 6 and repre-
sents the results of extensive exhaust-pressure experiments
;onduetecl at the Cleveland laboratory on in R–2800–5
engine. Inasmuch as the engine normal spark timing was
used throughout the investigation, the effect of this variable
is not required for anaIysis of the cooling data.

The correction applied to T.,~Oto obtain T, for vaIues of
Tn other than 80.0 F is given as AT.= 0.8 (Tn—80) for engine
heads and AT.= 0.5 (T~–80) for engine barrels. The dry
inlet-manifold temperature T~ is calculated from the
carburetor inlet-air temperature and the theoretical blower
temperature rise, assuming no fuel vaporization. This
relation is given as

(5)

For the engine used in the present investigation, equation (5)
reduces to

()
Tm=T,+22.1 & : (6)

CyIinder temperatures,—The value of cylinder-head
temperature T~ used in the primary correlation is taken as

the average for the 18 cylinders of the temperature ind ica
tions of the thermocouples peencd into the rear rniddlc of
the heads (T19 in fig. 4); the barrel temperature Tb is taken
as the average of the temperature indications of the thermo-
couples peened into the rear of the barrels (T6 in fig. 4).
Final correlation curves based on the rear-spmrk-plug-
gasket and boss-emb~dded-thermocouple rczdings (TIZ and
TXJin fig. 4) are also presented to permit cooling compari-
sons with the results of other investigations.

Cooling-air temperatures,—The entrance cooling-air tem-
perature .~a is taken as the stagnation air temperature ahrad
of the engine as calculated from the free-air temperature and
the airplane veIocity measurements.

The exit cooling-air temperature, which is required for
calculation of the exit density, was obtained for about ‘JO
percent of the experiments from the average of the t.emprra-
ture indications of the thermocouples located in the cocJing-
air stream behind the engine, the values for the engine-head
and engine-barrel cooling air being separately nveragcd.
These data were correlated by means of a relation developed
in appendix D, which results in a single curve involving the
cooling-air pressure clrop ancl the ratio of the temperature
rise of the cooling air AT to the temperature difft~rence be-
tween the cylinder head and the entrance cooling air T*– T=.
In the coire.lation of the cooling data, the exit cooling-air
temperatures for all the experiments me calculated from this
curve. -–

Cooling-air pressure drop and density,—The average
cooling-a& pressure drops across the engine heads md
barrels are separately determined as the clifferencc beiwcen
the average total pressure ahead of and the average static
pressure behind the engine heads or b~~rrcls.

The average for the front-row cylinders of the rezdings of
the tubes-designated H 1, H2, and H3 (fig. 3) is taken as [he
average pressure in front. of the engine heads; the average of
the readings of the tubes H4 is taken as the avert-igc pressure
in front of the e~gine barrels.

The average static pressure behind the engine hetids is
obtained from the average for the rear-row cylinders of the
readings o.f tubes PI and P3; tubes P4 are used for obtaining
the average static pressure behind the. engine barreIs.

The entrance density of the cooling air is ccdculfitcd from
the stagnfl}ion-air temperature and the total-pressure ~alucs
ahead of the engine; conversion into entrance density ratio
u~n is made simpIy by dividi_ng by the standard sea-level
density value (0.0765 lb/cu ft). The exit &nsity of the
cooling air is calculated from the exit-air-temperature and
static-pressure values behind the engine. and is converted
into exit density ratio c,Z by dividing by standard sea-level
density.

Although the exit density is readiIy c:alcul~tcd from the
measurements of temperature and pressure made in the
flight investigation, its evaluation for use in predicting
cooling performance from an established correlation is indi-
rect inasmuch as it involves a knowledge of the temperature
rise and pressure drop of tku cooIing air across the engine.
A method of calculating the exit density for use in cooling
predictions is given in appendix E.
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Constants m., n, and Ks.—The exponents m and n of
G~n4p and VYC,respecti~el-y, and the constant KS are deter-
mined from the cooling data obtained at a constont. vJr~~
(for a]I practical purposes, at a constant altitude) by means
of the famiIiar correlation procedure e-.xpressedin equation (2a).

The function @ (G,r/m,Z),—In order to check the validity
of the theoretically deri-red equations (3) and (4), the
funct~o~ ~(G,=/Cr,.), which represents the effect of cooling-
air compressibility in the generalized correlation equation
(equation (2)), is experimentally determined by plotting
T,– T. (Uc.~p)~
T=– T. ?1’.’

againsk Uez/G8z from the data obtained at

different altitudes. In order to minimize the extraneous
effects resulting from ditTerences in engine operatiug COD-
ditions tbfik may not correIate accurately and may therefore
mask the less sensitive effects of the cooIing-air density
change, data are seIected, in the construction of this pIot,
for a nairow range of engine operating conditions (1200 and
1500 bhp; engine speed, 2550 rpm; fuel-ati ratio, 0.12).
In addition, in order to inwease the o-rer-all accuracy of the
plotted parameters through reduction of the random per-
centage errors ~~sociated -with the experiments: the values
of the parameters for the individual runs of each variable
cooling-air pressure ffighi (five to six runs per tight) are
averaged to give one plotted point per flighb.

RESULTS A?JD DISCUSSION

Determination of constants m, n, and Ka.—The determi-
nation of the exponent m on G,nAp (equation (2)) is shown in

Cocx’’ng-& pressure drop, 6=nA~, m. wu +er

(a} Slow, –0.35.
(b) How, –0.43.

T~- T.and T6–T. .

‘lGUEE ‘“—T”ariat]oD “f 2-,- z-h
— -mth moling-air pressure drop Oc,dp for mrious
T,– T~

mnstant charge-air flows at aItitwfe of .5CtMfeet (rQJ’Sc==0.S3j.

(bhp)
800

100a
/3(lo I‘;;:T__Va.-iuh 10

““M
.2 ““ ! 1 1 1 I I

Charge -air we;gb+ flow, Wc , lb/.sec

(a) slope, 0.60.
m) S1OP+, 0.43.

eo+ling-air pressme drop of 12 and 9 inches of water for hesds and barrels, respecti~ely, at
altitude of .TKM feet (cJrC%= 0.83). (Cross plot of fig. i.)

T.– T. T, – T=
figure i’ -where pIots of ~h and ~~ against .,R&~ are

E g
made from the data obtained at an approximately constant

Gez/ueu ~a-Iue of 0-83 (constant aItitude of 5000 ft) in flights
that were each conducted at substantiaII~ constant charge-
air weight. Ho-wj fuel-air ratio, and engine speed fith
~ariable cooling-air pressure drop. Lines with the besk
fit ting constant slope are clrawn through the plotted values
for each of the flights. The common slope, which is the
negati~e vaIue of m in equation (2], is —0.35 for the engine
heads and – 0.43 for the engine barrek.

T.–T Tb”—T
Across pIot. from figure 7 of the values of ~~ and ----Q

, T.– T,-.
against charge-air weight flow ~“c for a constank U,%Ap~a]ue
of 12 inches of wzter for the heads ant{ 9 inches of water for
the barreLs is presented in figure 8. Included in this figure
are the cooling results obtained in a single flight conducted
for variable charge-air weight flow at a.n approximately
constant. Gm[G,nvalue of 0.83 and ~,Jp dues of 12 and 9
inches of water for the heads and the barrels, respectively.
The plotted values for the variable charge-air-flow ffight.
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fall i~ with the points taken from the cxoss plot of figure 7.
These points determine a sIope of 0.60 for the heads and
0,43 for the barrels, which are the respective values of n
(eqwition (2)) fortheengine heads and barreIs.

lated from the data obtained in alI the flighis conducted at
a8=/a,mof approximately 0.83 (aItitude, 5000 ft), are plotted
in figure 9 aga;nst the corresponding a,nAp vaIues. A line

./ -

7

s .31 ! I , , ,
I ili t<

I ,
h i . -. A 1 I I.

>
(b)

.2P
.? 456810 20 30

Co-o[ng-air p-re.&ure o!!op~ d,. Ap, in.woter

(a) Slope, –0.35.

(b) slope, –0.’43

FIWR E 9,—Cooling.correMion cumes based on entmnce density for ewjne heads and

barreIs at altitude of 5000 feet.

with the previously determined slope —m (— 0.35 for the
heads and – 0.43 for the barrels) is drawn to best represent
the plotted values. The correlation equation, which rep-
resents the correlation line drawn in figure 9 for uJo~n of
0.83, is expressed for the engine heads gs

and the engine barrels as

(7)

(8)

The constants of 0.42 in equation (7) and 0.85 in equation (8)
are equal to Kz C# (aeJti,n) in the general correlation
expression (equation (2) ) and to Ks in equation_ (2a).

Determination of function @ (se, /cr,J .—In accordance

with equation (2), the values of
(H/’’’0)’(a,Ap)0”351351

averagecl for each flight at constant, cngiut cwndiLiom buL
variable cooling-air pressure drop, are PIOthd in figurr 10

A/fi fude E[ Igme PO wer i

(ft) (m)
o 5’@7ff [Zzi
i- 25,000

r,

x 30, am v

❑ 35,m
,.

0 5,0m /500
& 25,000

.

.6 v 30,000
.

—

$2
----

—- -----
Q .5 — — —

$

* o
“> .Sloqe, (-b) =(-m)

; .4 — -
%

0

#

$ ~ % ------ Theoreflco[ lines for cons71m7f_
6,. A,u values of .0.5 and 20

g ~ s [riches of water

.3 .4 .5 .6 .7 .t7 .9 LQ

Rafio ~f exif- fo-enfrance density, ~

FIrtrRE 10.–Expwimental variation of compressibility functiOn +
(:-:)

wItb U.z.!a.x amf

compwison with tbeoretimlh’ determined varistlon,

against the corresponding o_.=/ae.value-s. The plotted poiuts
clefine a variation of increasing @ (a~z~ae~)with dcrrmsing
;,Ja,n thus indicating the detrimental eflect of cooling-~ir
compressibility on engine cooling. This effect is the well-

‘h– ‘a/ ~rc. is re.known altitude effect, which, for constant, ~Tj
K

fleeted as an increase a,,A& requirerncmt with increased
altitude. Curves describing tb e Lheorctical variations of
@ (uJG,J with u,Jr,., a-s determined in appenclix B, mc
inchrded in figure 10 for comparison. Agrcem~nt ~ri~~~~le

expcrimentfd results is indicated.
The exponent b in equation (3) is numerically cqurd to the

slope of a straight line through tbe points in figure 10, A line
having a slope of — 0.35 (the negative valur of the mponm L
m of a~~Apin equation (7)) is drawn th~o ugh the poin Lrrpre-
sen.ting the data at an aItitucle of 5000 feet. This line gives a
good representation of the experimental dtitILand rdso of the
theoretic-al- curves and is arbitrarily chosen as it permits
simplification of equation (3) to equation (4).

The correlation equation for Lhc cylinder heads obtained
from figure 10 is

The constant of 0.39 in equation (9) is the experime~lt.al value
of K in equation (4). When aJa,n is set equal Lo 0.83
(value for experiments at an altitude of 5000 ft), equation (9)
reduces to equation (7).

Attempts to determine the function @ (U.Z/r,.) for the cyl-
inder barrels by the foregoing method were unsuccessful
because of the large scatter of data, which masked the dfcc.t
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of the function d (U.z/UJ on the barrel cooling. In the cor-
relatiori of the barrel dEta presented b the subsequent sec-
tion, however, the function @ (U,Z/aJ for the barrels is
assumed to be simiIar to that for the heacls and the exponent
b is equal to the value of m for the barrels (0.43).

Correlation of aIl data on basis of G,zAp,—The ra]ues of

obtained in alI the flight experiments co~ering a range of
altitudes from 5000 to 35,000 feet (equivalent to a range of

~Jugm from 0.83 to 0.62) are pIotted iu figure 11 againsh the

corresponding c,=~p values. The correlation liue given by
equation (9) for the engine hefids is indicated in figure II.
This single correlation line well represents both the low--

11111111 Ill[tl I I I I

.5

,4

3

.2

I

Coo Iing-air pressure drop, de= Ap, [n. wuf&

W) SIope, —0.3s line giren by equs$ ion (9) as deterrrrimd for wxiabIe c.~!~t,.

(b) Best-fitting Iine with pmxldwminedSIC,peof –0.AS.

FIGURE 1I .—CcmLiagwmeIat ion crm’ms based on exit dmsit y fw engine heads md barrels fcr
a[tmuie.s tiom 5QN to 35,(KM feet.

altitude and the high-altitude cooliug data. The best line
with the pre-riously determined slope of —0.43 is draw-n
through the plotted values for the barrel. For the data on
the barrel, the a=geement between the plotted -ralues and the
Iine is only fair at the hi.gh-aItitude conditions but no definite
conclusions can be drawn because of the large data scatter.
The equation that describes this Line is

Correlation of all data on basis of c,.dip.-The ~-ariabIe-
altitude cooling data are plotted agaimt G,.Ap in figure 12
wherein comparison is made tith the correlation Iine given
for G,Z/G,z equaI to 0.83 (5000-ft aItitude) by equations (7)
and (8) for the engine heads and bmre?.s, respectively.

Because of the experimental -rariation of a,=jr.x, -which is

not accounted for by the correlation line, the data points
obtained at the high altitudes, although quite scattered,
tend to fall slightly above the correction J.ine and show a.
definite trend of increasing deviation -with increase in
altitude. This general grouping of the high-altitucle data

points above the 5000-foot. correlation line again indicates
a greater G,,Ap requirement at the higher filtitudes. Eren
for as high an altitude as 35,000 feet, howe-rer, the cle~ia-
tions are od-y of the same order as the spreacl in the data
points.

5G

-@
.35

k’~’+ .~/J
-1
Ilp

G:AT” .25

.2U

.15

./0

/0

.6

.6

$}

&4-.5
tt .

& -r .d

.3

.2
f 2 .3 456 8 @ 20 - .%—.

Cooling-air pressure drop, 6.= Ap

(a)Mope,–0.35; line as given by equation (i) for u.J6,.=0.W (W3Mt Comelation line).

~) ~lof% –0.43; lineas%iwn by ewat~on (8) for a..fc. .=0.S3 (W30-ft eorreIaticn Iine).

FLGURE 12.—Cooling.eorreM ion curves baswi on entrame demity for w@e IILWLSan,+b~e]~
for altitudes from SW to 35.IXW feet,.

An examination of the plotted points in figure 12 indicates_
that a singIe line with a slightly higher sIope thtin the co~e-
lation line for constant G,=jr~z can be drawn to fit satisfac-
torily aIl the data. This apparent data correlation can be
expIaiued with refererrce to figure 13,which presents, for the

(a) Slope, $; engine heads. .

(b) SIOP+, s; engine barrels.

FIGURE 13.—YarLation of C.z%tm with cdhrg-air pressure drop a,.~p at aItkwies hu~ W
to M,(BO feet for engine bewls arrd barrels.



276 REPORT NO. 873 —NATIONAL ADVISORY CO~~UTTEE FOR AERONAUT~CS

same data as in figure 12j a pIot of uez/~erz fgains~ ~enAP on

logarithmic coordinate paper. Mthough the relation be-
tween CTJU,. and r,,Ap is actually different for the clifferent
altitudes, the bulk of the data for the entire altitucle experi-
mental range can be roughly represented by a single relation
expressed as UJa~fi=KS(U~~Ap)S. Th~use of a singIe rela-
tion is made possible in this case ordy because of the opera-
tional limitations of the engine-airplane combination that
causes a. shift in operating range of a,nAp with altitude;
for example, at an altitude of 5000 feet (c,,/u,.=approxi-
mateIy 0.83), a range of u,nAp of approximately 4 to 20
inches of water was covered in the experiments; whereas at
an aItitude of 30,000 feet (a,Ja,.=approximately 0.75), the
u~fiAp range is approximately 1.5 to 5.5 inches of water.
Substitution of Kfi(r,.Ap)$ for C,JU$. and the vglue of m for b
in equatiou (3) reduces the right-hand term of this equation
to K8/(u,.Ap)~(l~S), which gives m(l +s) as the sIope of the
line best correlating the plotted points in figure 12. Ina.s-
nmch as the establishment of this correlation is clependent
on the variation obtained in the experiments of uJu,. with
r~~Ap, it is applicable for use in preclictiom only when the
operating conditions satisfy the experimental relation be-
tweeu G,Ju,. and ~,nAp. This correlation is therefore of no
reliable aid in altiLude and pressure-drop extrapolations.

Correlation of average rear-spark-plug-boss and gasket
temperatures.—Inasmuch as the cooliug of aircraft engines
is frequently evaluated on the basis of the rear-spark-plug-
boss and gasket temperatures, the correlation rewdts based
on these temperature readings (Tw and T] z in fig. 4) are

I
’35– ‘a ~~~}ooandpresented in figures 14 and 15 as p~OtSOf T~_~3~

*

I~ U’}eo, respectively, against IJ,xAp and u,nAp. As
8

an indication of the accuracy of the generaI experimental
results, the correlation line for the rear-spark-plug-boss
temperature checks within an average accuracy of 10° F

Alfifude

t I [ I 1 I I I II 1.-.
~fttn

‘ .20

. /5,
23 4 5 6789/0. 20 30

Coohng-oir pressure drop, ~, Ap, in. wafer

Cooling-air pressure drop, o&Ap, in. woter

(8) Slwe, –0.30.
, (b) Slope, -0.34,

FIGURE 14.—Cooling-correlation curves based on rear-spark-plug-boss embedded thermo-

couples for exit hnd entrance deusity for altitudes from WMXto 35,000feet, (Curws drawn
to best fit all data.]

. . . +]

,7,,, ,”UG

.40 (’f)
0 5,000

.1.-
I : /%%

T: .%%

.30

.Pu

!5

&p,50 Cooling-oi~ pressure drop, 6,2 Ap, k. wo fer

.40

.30

.20

,i5

.IQ,
2 3 4 58789/0 20 30

Coof@-air pre$s ure drop, 0,. Ap. in. water

(a) Slope, -0.32.
(b) SIope, –0.35.

FIGCRE 15.—Cooling-correMion curves based on rear-spark-plug-gasket tbermocouplcs fur

exit and egtrauce density for altitudes from 5,M!0 to 35,W3 fret. (Curves drawn to beat

fit all data.)

with that obtained in a.n NTAC?AtesL-stand investigation of
a simiIar multicylinder engine.

Altitude-cooling predictions from sea-level correIatiou,—
A comparison of the cooling obtained at altitude, as pre-
dicted by the cooIing-correlation ]ine based on U,ZAZI(eqUaLiOIl
(9)) with that indicated by the sea-level cooling-correlation
(actually 50Q0-ft altitude) line based on u,~Ap (equation (7))
is shown in figure 16 m a pIot of average head tcmpernturc
.Tlg against a~itude for constant engine conditions and two
constant vaIues of cooling-air pressure drop (10 and 20 in.
water). The difference bctwwen the. curve btised on c,,Ap
and that based on a.nAp amounts t.o 9° J? at 20,000 feeL,
13° 1? at 30]000 feet, and 36° F at 50,000 feet, when the

&
.

+s
‘?

2

g

g

$

-0
Cl
-?

&
2
e
T

FIQURE 16.—CalcuIated variation in average head temperature with altitude based on

both entrance and exit density for pressure drops of 10 and ~ inches of water. Engine

power, 1625 broke horsepower; engine speed, 2403 rpm; charge-nir weight flow, 3.5 pounds

Der seco_n_d;.krmy summer air.
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cwoIing-air pressure drop is 10 inches of water. For a cooling-
%ir pressure drop of ZO ~che~ of water, differences of

9°, 20°, and 60° F are obtained for 20,000, 30,000, and
50,000 feet, respectively.

The magnitude of the errors introduced -when predicting
high-altitude pressure-drop requirements from the low-
alt.itude corrdation line based on G,nAp rather than Ge.Ap is

HIustrated in figure 17, -which presents, for a given set. of

34

km
:
*

26
<

~ 22

s.~ /8

t ,4;’

%& [e

‘D 5 }0 /5 2Q 25 m .?5 4Q 4S sax [a*
AItiflde, ft

FLGCEE 17.—Calo.daled mristimr of pressure drop wi[b alt ;t ude necessary to maintain can-

Want head temperature T,j. Engine Pwer, 1625 brake horsepower; engine speed, 2W

rpm: charge-air weight flow, 3.5 pounds per .wmnd; [ue!-air ratio, U.lIJ Army summer air.

constant. engine operating conditions, the cooling-air pressure-
drop variation with a]titucle as calculated by both correla-
tions for maintaining ari a~erage head temperature of 400° F.
Errors in coohng-air pressure drop of 1, 2, and 14 inches of
\vater are indicated for 20,000, 30,000, and 50,000 feet-,
respect ively.

Altitude predictions from a sea.-IeveI correlation based on
c,#p are fairIy accurate up to 201000 feet, as shown in figures
16 and 17, but. the error increases so rapidly with further

iucrease in aItitmde that. the correlation based on LT,.Apshould
be used at the higher altitudes.

SUMMARY OF RESULTS

The rwdts of an engine cooling flight investigation con-_
ducted on an 18-cyIinder, twin-row, radial, air-cooIed engine
in a pursuit airplane for a rmge of altitudes from 5000 to
35,OOOfeet showed that:

1. The effect of cooling-air compressibility on the cooling
characteristics of air-cooled engines mas accounted for, to a
good degree of accuracy, b-y the use in the NTA.C!.~cooling-
correlation method of the cooling-air pressure drop based on
the exit rather than the commonIy used entrance density.
The use of exit. density was further rationahzed theoretically.

2. A sea-Ievel correlation on the basis of entrance density
gave fairly accurate results up to an altitude of 20,000 feet.
For higher aItitudes, however, the use of exit density wher-
ever possible is recommended inasmuch as the error resulting
from the use of entrance density increased at a rapidly in-
creasing rate with altitude.

3. For an iHustrati~e set of constant engine operat~m con-
ditions, the errors invoI-ved in predictions made from the low-
altitude correlation based on entrance rather than exit
density were:

(a) .~-rerage heacl temperatures of 9°, 13°, and 36° F for
a constant cooling-air pressure drop of 10 inches of water at
20,000, 30,000, and 50,000 feet, respectively.

(b) Cooling-air pressure clrops of 1, 2, and 14 inches of__
water for a~ a-rffage head temperature of .400° F at 20,000,
30,000, anti 50,000 feet, respectively.

.iIRCRAFT EXGINE RESE.tRCH L.IBOR.iTOR-i,

h’.>~ox.w ~DVISORY COMMITTEE FOR .AEROX.\ETICS,

CLEVEL.>ND, OHIO, .Mw 9, 1946.



APPENDIX A
SYMBOLS

The followtig symbols are used in this report:

A
CD
F
F,
FI’A

f
9
h

J
N

P
Pe
Ap
Ap,

Ap.

T.
Tb
T,
T.

outside-wall area of cylinder head, sq in.
specific heat of air, 0.24 Btu/(lb) (0 F)
cylinder friction factor
cylinder friction factor at G,nAp= 1 in. water
fuel-zir ratio of engine clnmge ‘
cyIinder free-flow area ratio
acceleration due to gravity, 32.2 ft/sec2
heat-transfer coefficient from outside wall of cylinder

head to cooling air, Btu/(sq in.) ~ l?) (see)
mecha.nicaI equivalent of heat, 778 ft-lb/Btu
engine speed, rpm
absolute pressure of cooling air, in. Hg
engine absolute e.Xhaust pressure, in. Hg
cooling-air pressure drop across engine, in. water
cooling-air pressure chop due to skin friction within

cylinder inter fin passages,. in. water
cooling-air pressure drop due to momentum change

of cooIing air across cylincler, in. water
cooIing-air temperature ahead of engine, 0 F
cylinder-barrel temperature, 0 F
carburetor inlet-air temperature, 0 F
mean effective gas temperature, 0 F

T,, ~

T,
T.
T,
AT
u
J7

W=

W,

P

G’

mean effecLive gas temperattwe corrected Lo dry
inlet-manifold temperature of 80” F, 0 F

cylinder-head temperature, 0 F
dry inIet-manifoId temperature, 0 F
cooling-air temperature at rear of engine, 0 F
cooling-air temperature rise across engine, 0F
tip speed of engine-stage Mower, f tJsec
cooling-air velocity within interfin passages, f L/see
engi~e cooling-air weight flow, lb/see
engine charge-air weight flow, lb/see
cooling-air density, lb/cm f~

density of cooling air relative to sLandard air dcnsiLy
of 0.0765 lb/cu ft, p/o.0765

Subscripts:

W average condition betweeu entrance and exit
en at cylinder entrance
ex at cylinder exit

C?orreIation constants:

K, “Kl, Kz, K3, K4, K6, Ke, k, kI, ~2, k3, k4, k~

Correlation exponents:

b, m, n, r, r’, s, x, y, Z

APPENDIX B
THEORETICAL DERIVATION OF EFFECT OF COOLIN G-AIR-DENSITY CHANGE ON ENGINE COOLING

An expression will be derived for the cooling-correlation
equation in which account is taken of the effect o; the cooling-
tiir pressure clrop of the change in cooling-air density
from the front to the rear of the cylinder. From this ex-
pression and the experimental data at low altitude (5OOOft),
an equation is obtained by means of which the cooling of
the engine at any altitude may be predictecl.

In the derivation of the expressicm for the cooIing-air
pressure drop, simplifications are made that have bee~ found
to introduce a small inaccuracy.

Simplified pressure- drop equation, —With reference to
figure 18, the pressure losses across aii engine cylinder can
be divicled and expressed as follows: Etitrance Ioss (station O
to station 1)

Skin-friction Iosses within the cylinder interfin passages,
(station 1 to station 2)

F PC,~7a,2Ap~==g ~..

or, based on the entrance conditions ant{ exit-entrance density
ratio (a@, is taken as the arithmetic average of a.. and a,,)

(12)

01—
— ‘

3

Air f[ow

FIGURE 18.—Diagram of cooling-air flow path across engine cyllnder.

27%
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Momentum loss (skttioa 1 to statiort 2)

COOLING INT’ESTIMATION’ OF A RADIAL AIR-COOLED EA7GINE 2?9

or

Exit-pressure reco~ery (station 2 to station 3)

or

(14)
~ ‘7.Z J

The totaI-pressure loss across an engine cylinder is given b-y
the summation of the component Iosses as

(15)

Comparison between the -raIues of pressure drop computecI
from equation (15) and from the more rigorous methods of
reference 5 indicated a maximum difference of 10 percent for
axtreme conditions m-ith respect to present cylinder and
operating conditions.

C!ooling-correlation equation including compressibility
effect,-The simplified pressure-drop equation m-hen solred
for W=, which is proportional to p,.T7,n, can be written as

w.= /l, (u.. Ap)I/2

[
I:;+2(:-’)+’%] (1,)

(1 –y) +—

Substitution in the basic cooling-co~elation equation (equa-
tion (1)) results in

Multiplying both sides of equation (17) by (G.,Ap)~ gives

[ l:>+’($wa’”(18
K, (l–y)+—

k(c,xA;)7i2-=

The friction factor F is proportjogal to the 0.2 power of the
oooling-air Reynolds number for turbuIent flow through the
cyLinder inter fin passages. Because of this small variation
of F with Reynolds number, the folIoving simplifications in
the determination of an expression for F are permissible:

(a) The viscosity in the Reynolds number parameter is
ass~ed co~tant.

(b) The mass flow in the Reynolds number parameter is
taken as proportional to (G,.Ap)l@.
‘il’ith these simplifications F can be written:

F= FL(G,.Ap)o.l (19)

-where FI is the value of F at u.*Ap equal to 1 inch of water.

Combination of equations (18) and (19) gives

[

(1–7)+
2F, (ff,*Ap)o”l

‘2 L.-1 ~~&–f) r/2
l+%

‘(-)

ffe.z Gez

K,
——

re~ Gex

F ~~

“1

(20)
(Gg.Ap) r

The left-hand side of equation (20) when equated to a con-
stant. is recognized as the usual form of the ATi4C.<correlation
relation (equation 2(a) ); the right-hand side introduces the
effect of change in GJG,.. The constants KJk2 F,, f, m,
and r in equation (20) w511be evaluated from the known
air-flow characteristics of the engine cylinder and from the
low-altitude experimental data (5000 ft) at \vhieh condition
the value of G,=/G,%m-as founcI to be effectively constant at
0.83 for a tide range of operating conclitions. TiMn the
values of these constants are inserted in equation [20), this
equation may be used to preclict the cooling a~ other ~aIues
of vJG., correspondhg to any altitude and operation.

Evacuation of constants of equation (20) ,—
(a) The friction factor F, is determined as 0.9 from air-

flow ancI pressure-loss data obtained at sea Ievel in single-
cylinder experiments on an R–2800–z 1 engine.

(b) The ~alue of free-flow area ratio f is taken as 0.1 as ~
estimated from measurements on an R–2800–21 engine. h
accurate -raIue of j is not required as the terms im~oltigj
are smalI compared with the other terms in the numerator of
the right-hand side of equation (20).

(c) The -ralues of KJk cmd r are determined from the
cooling data obtained for r,z/G,B equal to 0.S$ (5000-ft
altitude in-restigation) in the following manner:

For Cra/G.UequaI to 0.83, equation (20) must reduce to
equation (T). Thus,

[

2F1 (CTaZAP)o”’, ~
K, (1 —y) +

1+0.83 T (&-’)+2L-? :042
7=

(CrenAP)’-~ 1
(21)

on substitution of the numerical values of F, and f, and
rearrangement, equation (21) becomes

When the left-hand side of equation (22) is pIotted agairIsrIs_
ag.A# on logarithmic coordinate paper, the slope equcds the
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exponent 1–~. Figure 19 presents tlis plot and indicates

a value of 1—~ of —0.04. The value of ~, m calculated

from this equality and the experimental value of m (inclicaLed
by equation (7) as equal to 0.35), is found to be 0.67. The
ordinate in figure 19 at u.nAp equal to 1 inch of water gives

“’eva’ueof (042U’
as 2.2 from which ~ is calculated

:

$
<3

~

~z _ _ _ _ _
G Slope, -0.04
+
w
q

[’2 3+56 8 ‘/0 /5 20 3Q
Cooling-oir pressure drop, 6en Ap, in. wafer

~lGuRE 1$1.-Pl0t for ewluation of pmlmeters r and $ Ofequation (Z2).

to bc 0.32. When the foregoing vaIucs arc substituted for
the constants and exponents, equation (20) bc.comes

[
l+y-(i-1)+-iqo

099 ~ 1.8( ffenAp)o”’

o.3~ .—-

(23)
.:.

The vaIue of, n = O.QOis obtained from the experimental clata
T,–T= (aeuA/))0”36

at 5000-foot altit[~de. The quantity T- -–--,--=-— is
n, ~~$.60

computed from equation (23)2 which wtw established from
the theoretical analysis and the cooling data at a,Z/G,fl equal
to 0.83, and is plotted as dashed lines in figure 10 agoinst

/Oe=~e,z for.. two ex~renw values of u,mAp (O.5 and 20_ in.
water}. It is noted that r,.Ap introduces negligible sprca.(1
in the curves$ which indicates that U$ZAyis of smaII signifi-. ..=..
cance in the right-hand sicle of equation (23) or its gcn~ndizcd
form (equatiofi (20)), and hence, that equation (23) c~n b(~
approximated b.y equation (2).

APPENDIX C

JUSTIFICATION FOR USE OF INLET COOLING-AIR TE~~PERATURE IN cORRELATION EQUATIONS

The following derivation is prescntd to show the validity of
the use in the correlation equations (for example, equation(1))
of the. inlet cooling-air temperature instead of the local
cooling-air temperature in tJle vicinity of the. location at
which the cylinder temperature is measured.

If the cylinder temperature at thv rear of the head is under
invcstigat,ionj then, on the. basis of local cooling-air tempera-
ture, tJ]e correlation equation (1) would be written

where the exponent r’ cliffers numerically from the exponent
r in equation (l).

From equations (28) and (29) developed in appenclix D,

~“hwl T, is climinatccl from equation (24) by tneans of
IJCluation (25), there results

T _T _k,AU’atz-’}(T,,- TJ
}} Q Cp Ks

( ?’,— Tk) W,” = T1’rL” (26)

Rearrangement of Lerms gives

For a given engii~e installation, the right-hantl si(le of
equation (27) is a function only of 11”. and can be tipl}roxi-
mated within the limits of the variation of II’a of intcr[est

in engine_ coo~ing by K1/H’a’. Eqllation (27) then bLwmm
-—

which is the same as ecluation (1) and simiIar ill form to
equation (24). Thus, use of the inlet coo]ing-air temperature
instead of the locrd cooling-air temperatllrte Inerely rcsl~]ls
in a change of the consttint aud cooling-air exponent. i~l [hc
correlation equation.

If the assumption is made that, the tempertit~lrr rise of Lhe
cooling air to any given location around the cylinder as a
precentagc of the total temperature rise. is constant for all
operating conditions, then the same transformat.ion from
local-air temperatur~ to inl~t.-~ir tempcrmturc m sllo}YIl by
equations ‘(24) to (28) can be made. for any local cyIiI~dcr
temperature.



APPENDIX D .

ENGINE COOLING-AIR TEMPERATURE-RISE EQUATION

For con-renience in cooling predictions, the engine coo]ing-
air temperature rise is rehthxl to the other known cooling
variables by equating the heat absorbed by the cooling air
to the heat transferred from the cylinder waHs to the coohng
air. Thus,

Tl”aCPAT=h.4(T.– Ta) (Zg)
Because

h-=12 (.H’J’ (29)
Ond

Ji”==k3(cTez4p)’ (30)

JT
the soIution for —

T~– T.
can be macle in terms of ~~Ap,

AT
Ti– T==kdGCz4p)’(’-l) (31)

The ~aIue of the exponent Y(Z– I ) is found from the datz
to be —0.16 for the cylinder heads and —0.095 for the
barrels. Because of the low wdues of this exponent, satis-

factory correlation of *= with CT,Jp sho uId also be

obtainable; the use of G..Ap rather than G,.Ap is prefemed in
AT

the —
T,– T=

relation because the results can then, in some

applications, be more directly usecI with the correlation

equation ~t little sacrifice in accuracy. Thus, for a~. prac-
tical purposes

AT
—=k,(re@p)z
T.– T.

(32)

AT
Plots of —

AT
T,– T.

and —
Tb– T=

aga~st ~cmip made from the

cooling measurements are presented in figure 20 for the
en=tie heads and barreIs. The use of figure 20 Lo. make
aItitude engine-cooLing predictions is iHustrated in appendix E.
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=1‘=,3
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..d-

k

a
&
-=1‘a.3
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/ 2 3 & 56 789/0 233 .30 405?

(a) Slow, –0.1S: eagine he~ds.

(b) Slow, –0.I& engine barreIs.

FIGCaE 2Q—1’ari~tion in cooling-air f,emperature-rise prameter with WMhng+ir pressure

drop u. .AP f~r engine he~ds and bwwls.

APPINNDIX E

HIGH-ALTITUDE ENGINE-COOLING PREDICTION

The use of GAP in the cooling-corrdation equation, as re-
quired for accurately precLicting cooling at altitude, inh-o-
duces the problem of e-raluating a,=. This problem is com-
plicated by the fact that a.= is not dkectI~ obtatiabIe from
the atmospheric pressure and temperature -ralues (including
the corrections due to ram) as is the case -with G,z but further
involves the engine heat rejection and cooling-air pressure
drop. For this reason, simultaneous solution for Gu and of
the correlation equation is required; as direct solution is
difficult, the method of successive approximations is used.

The correlation reIatiom that. must be established in the
Iow-altitude or sea-le~el engine-cooling experiments for sub-
sequent use in the determination of the coohng obtained at
the high altitudes are, for the purpose of review, tabulated
as fouows:

1. The correlation equation (equation (4)) graphica~y

represented for the subject experiments by the correlation fine

of figure 11
2. The T~,Mrelation described by the curves of figure 6
3. The cooling-air temperature-rise equation (equation@ 2))

gra_phicaHy represented in figure 20
The quantity GJv.. is given by the general gas law

The quantity 0-6Zis calculated from the entrance cooling-
air pressure and temperature. The quantity r- can be
computed from r.. by means of eqllation (33)-

For the purpose of illustrating the method of obtaining
simultaneous solution of the foregoing pertinent relations
to determine the cooling obtained at altitude, two typical
probIems are herein assumecl and solved in step-by-step
fashion.

Calculation of cooling-air pressure-drop requirements at
altitude, case l.—

The following operating conditions are assumed: —
1. Engine charge-air conmmption, lb/see___________________ 3.5
2. Fuel-air ratio of charge-------------------------------- O.100.
3. Dry inlet-manifold temperature, 0F-------------------- I?o
4. Engine efiaust pressure,in. Hg absolute- _-___ --___ .---.– 30
5. .AItitude of operation, ft______________________________ 35, 000

for which, incIuding ram corrections,

Tg=60 F

p,n=8.46 inches mercury absolute

The cooling-ais pressure drop Ap for satisfying the cooling
requirement for an average rear-middle head temperature
(T,, in fig. 4) of 400° F must be fo~d.

6. From figure 6 for items 2 and 4,

Tg.,o= 1000° F
9qi
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7. Correction of T,,80 to a dry inlet-manifold t~mperature of
250° F gives -- -

T,=1OOO+O.8 (250–80)=1136° F

8. From items 5 and 7 for T,=4000 F,

T~– T._ 400–6 do 535
T.– T, 1136 –40t! :.

9. From items 1 and 8,

T,– T.
T.– T~ 0.535———
I?7}’Q ‘3.5~o.w=0.252

10. From item 9 and equation (9) (or fig. 11),

~ezbp= 3.5 inches water

Solution for a,. is now required and involves the method of
successive approximation.

As for the first approximation, assume

u~~= u~$!

1I. Solution for a,. from item 5 and the standard sea-level
air conditions of a pressure of 29.92 inches of mercury
absolute and a temperature of 519° R gives

_&iYL~5zl!=o.315
“*-29.92 466

12. From items 10 and 11, the first approximation value of
Ap is

3.5
=—= 11.1 inches water

‘p 0,315

13. For u,mAp= a,.Ap = 3.5 inches water (assumption in first
approximation soIution), figure 20 gives

AT
-—---=0,386 ‘“
Th– T.

14. Thus, from item 5 (Ta=6° F) for T,=400° l?,

AT=0.386X394=152° F

15. From equation (33) and items 5, 12, and 14,

11.1
u~z 1—13,6x8.46 0.904.
—.
~e7t 1+%

‘im=O’682

which is the second approximation value of CeZ/Ugn.

16, As the second approximation for Ap, from items 10, 11,
and 15,

3.5
‘P=0.315X0.682

= 16.3 inches water

17. From items 11 and 16,

ae~Ap=0.315 X 16.3=5.14 inches water

18. From figure 20 for item 17,

AT
—=0.36T,– T.

19. Thus, from item 5 for T~=400° F,

AT=0.36X394=142° F

20. From equation ‘(33) and items 5, 16, and 19,

16.3
LTBZ1–13.6X8.46 0.858—. =~=0.658
Gem

l+% .

which is the third approximation value of uJugfi.
Thus, as the third approximation for Ap

3.5
‘P=0.315X0.658

= 16.9 inches water

Recalculation for m,d’r,, givm a value of 0.654 aS compm~ed
with 0.658 obtainecl in the Lhird approximation. The value
of G,Z/O,. converges very rapidly and a third approximation
for U,JU6., and thus for Ap, is sufficient,

The pressure-drop value of 16.9 inches of water obtained
in the foregoing calculs t.ions compares with 13.6 inches of
water, which would be given by the correlation bused on
a,nAp (equation (7)).

Calculation of average head temperature obtained at
altitude, case 2,—For the conditions given in items 1 through
5, a.cooling-air pressure drop of 10 inches of water is assumed
to be available for which it is desired to calculate the resulting
head temperature.
21. I?rom-ilem 11 and for Ap = 10 inches water,

CTgnAP=3.15 inches water

22. From figure 20 and item 21,

AT
—----=0.39
T,– T.

23. As a first approximation, assume TA=400* F.
Then, from items 5 (T’a=6° F) ancl 22,

AT=o.39x394=154” F

24. Fromitems 5, 23, and equation (33),

10
o-e~ 1–13.6X8,46 0.913—.
c~~

=-~== o.686
l+% ‘

25. From- items 11 and 24 and for Ap = 10 inches water,

a8ZAy=0,315 X0.686 X10=2.16 inches water

26. From equation (9) (or fig. 11) and item 25,
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27. From items I,

28. As the second

5, 7, and 26,

T~=442° F

approximation, let

Th=442° F

Then, from items 5 and 22,

AT=0.39X436=170° F

29. From items 5 md 28 and equation (33),

10
Crcz 1‘13.6X8.46 0.913=0 668—. .
~en I+&?

‘1.365 “

30. From items 11 and 29 and for Ap = 10 inches -water,

~ez~P=o.315 XO.668 ‘X1 O=2.1O inches water

31. From equation (9) (or fig, 11) and item 30,

Th— T.
T.– T’,
p=o.3ol

32. From items 1, 5, 7, and 31,

T,=446° F

which checks very closely with the second approximation
value and is therefore the required vaIue.

The derived Tfi value of 446” F compares with 428° F,
which would be obtained from the correlation based on u,nAp
(equatio~ (7)).
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TABLE1-SUMMAR% OF FLIGHT CONDITIONS

Altitude
(ft)

5,ml
&fn?o
5, cm
:, m
a,m
5, m
5, m
5, m
:, elm
q m
7, m

10, m
10,m
15,&XJ
25, ~
2&m
25, cml
25, Wl
25,033
257OM
25, coo
25, m
~5, m

W%
30, @Xl
~L

35: Cco

Engine Pressure drop EnWnde
power
(bhpl

(in. water)
(rPm)

—} l—

Ii%
%’

Va%ble
Ilco

Vyiible

Variable

Kill

M

M
Iwo
1500
W&O

Tyible

Vm”zble
--i% . . . .

15W
llMI

Vm#ble

m

Vr.ciable..-.-- . . . . . . .
.._-do._- . . . . . . . . . .
---.. do--------------
---_do --------------
Gonstant -----------

.----do . . ..-_ . . . . . . . . “
Variable . . . . . . . . . . . . .

-constant . . . . . . . ..-.
-... -do__________
VariabIe . . . . . . . . . . . . .

.--_do -------------
--.-_ do---------------
-----do --------------
-:lyo-—-_—––

----ado ..--. - . . . . . ----
. ..--do -----------
---.-do ---------------
.-__dO-.. ---_ --.._–
cOnstan -----------
V-aisble . . . . . . . . . . . . .

..-_-_do— --------
Constant. . . . . . . . . . . .
Variable. . . . ---------

-.--_do-—_-_—_-
--.. -do. . . . . . . . . . . . . . .
constant . . . . . . . . . . . .
Vtizble . . . . ..-.-..–

.-.. _-do ---------------

2552
25-50
2550
.2.55a

Variable
2552~

V&?~bIe
2.5.33
27Q2
25W

V~ble

25s0
25.73
Z551
!2550
Zm13

2550
.2559

VarisbIe
2550
2550
2550

2.550
2.550


